First-principles modeling of a GeO 2 /Ge(001) interface reveals that sixfold GeO 2 , which is derived from cristobalite and is different from rutile, dramatically reduces the lattice mismatch at the interface and is much more stable than the conventional fourfold interface. Since the grain boundary between fourfold and sixfold GeO 2 is unstable, sixfold GeO 2 forms a large grain at the interface.
water-soluble and thermally unstable at elevated temperatures.
We propose a complete ordered GeO 2 /Ge(001) interface structure with minimum lattice 34 mismatch. Our interface model consists of sixfold GeO 2 , which is derived from cristobalite 35 and is different from rutile, on a Ge(001) substrate. The sixfold GeO 2 /Ge interface is more 36 stable by 1.92 eV than the conventional fourfold GeO 2 /Ge interface. The lattice mismatch 37 between sixfold GeO 2 and Ge (∼5%) is much smaller than that between fourfold GeO 2 38 and Ge (∼17%). By examining a mixed fourfold and sixfold GeO 2 /Ge interface model, we 39 find that sixfold GeO 2 exists as a large grain at the GeO 2 /Ge interface. On the contrary,
40
SiO 2 at the SiO 2 /Si interface maintains a fourfold structure. A comparative study of the 41 electronic structures of the sixfold and fourfold GeO 2 /Ge interfaces shows that the valence 42 band maximum (VBM) far from the interface varies due to the existence of sixfold GeO 2 at 43 the interface.
44
Our first-principles calculation method is based on the real-space finite-difference ap- for all of our calculations. We first examine the atomic structures of GeO 2 and SiO 2 bulks in 54 the cristobalite phases (c-GeO 2 and c-SiO 2 ) under pressure along the a-axis because these 55 structures correspond to the directions parallel to the interface when the oxides are piled 56 on the (001) surface. The c-GeO 2 (c-SiO 2 ) structure is tetragonal with four GeO 2 (SiO 2 ) 57 molecules per unit cell, and 4 × 4 × 3 k -point grids in the Brillouin zone are taken into 58 account. The c-GeO 2 structure at the equilibrium point is shown in Fig. 1(a) . The equi-59 librium lattice parameters of c-GeO 2 and c-SiO 2 , which are obtained from first-principles 60 calculation, are listed in Table I . We then compress c-GeO 2 (c-SiO 2 ) along the a-axis by 
98
indicate that the sixfold structure contributes to the release of interface stress due to the 99 lattice mismatch between the c-GeO 2 and Ge(001) surfaces.
100
Since the lateral length of the Ge(001)-(1 × 1) surface is longer than that of the sixfold
101
GeO 2 surface but shorter than that of the fourfold c-GeO 2 surface in Fig. 2(a) , there is a 102 possibility that c-GeO 2 on the Ge(001) surface is composed of a mixed fourfold and sixfold 103 structure. We examine the total energies of the supercell doubling of the Ge(001)-(
surface unit in the two directions, i.e., the supercell contains eight Ge(001)-(1 × 1) units. We 105 respectively replace one and five neighboring (1×1) Ge surface units so that 12.5% and 62.5% Table II with respect to the ratio of the sixfold coordination.
109
The fully sixfold GeO 2 /Ge interface is the most stable, and the mixed interface with the 110 12.5% sixfold structure is even more unstable than the fully fourfold GeO 2 /Ge interface.
111
The instabilities of the mixed interfaces are attributed to the grain boundaries; the c-axis of 112 the fourfold oxidized region is more than 5% longer than that of the sixfold one. This result
113
implies that the sixfold oxidized region exists as a large grain at the GeO 2 /Ge interface.
114
Finally, we investigate the effect of the sixfold structure on the variations of the conduction 115 band minimum (CBM) and VBM along the normal direction to the interface. 
